The corrosion behavior of Mg-10GdexZn (x ¼ 2, 6 wt.%) alloys in 0.5 wt.% NaCl solution was investigated. Microstructures of both the alloys consisted of (Mg,Zn) 3 Gd phase and lamellar long period stacking ordered (LPSO) phase. The morphology of the second phase at the grain boundary differed in both alloys: it was a continuous network structure in Mge10Gde6Zn, whereas it was relatively discrete in Mge10Gde2Zn. The dendrites were finer in size and highly branched in Mge10Gde6Zn. The corrosion results indicated that the increase in Zn content increased the corrosion rate in Mge10GdexZn alloys. Micro-galvanic corrosion occurred near the grain boundary in both alloys initially as the grain boundary phase was stable and acted as a cathode, however, filiform corrosion dominated in the later stage, which was facilitated by the LPSO phase in the matrix. Severe micro-galvanic corrosion occurred in Mge10Gde6Zn due to the higher volume of second phase. The stability of the second phase at the grain boundary was altered and dissolved after the long immersion times. Probably the NaCl solution chemically reacted with the grain boundary phase and de-stabilized it during the long immersion times, and was removed by the chromic acid used for the corrosion product removal.
Introduction
Magnesium alloys have many attractive properties such as low density, high specific strength, good castability, excellent machinability and weldability. However, its low resistance to creep and corrosion are two important drawbacks. Magnesium alloys have poor corrosion resistance compared to aluminum alloys as magnesium is a reactive metal. Designing magnesium alloys with high corrosion and creep resistance, therefore, is a challenging task. The most widely used MgeAl based alloys such as AZ91, AM50, exhibit high corrosion resistance, but, the poor creep resistance limits their applications at elevated temperature. Many alloys developed for high temperature applications such as power train components in automobiles failed to make an impact as most of these alloys display poor corrosion resistance.
Rare earth (RE) containing Mg alloys exhibiting superior high temperature properties are considered as potential candidates for automobile applications [1] . However, the corrosion behavior of Mg-RE alloys is not well understood. It is well documented that the RE additions improve the corrosion resistance of MgeAl based alloys [2, 3] . Addition of RE reduces the b-Mg 17 Al 12 phase in these alloys thereby reducing the micro-galvanic sites that results in improved corrosion resistance. Additionally, RE can react with impurities such as Fe and Cu resulting in a 'cleaning effect' of the melt [4] .
Formation of stable film on the corroding surface is also observed with the RE additions [5] . Collectively these factors improve the corrosion resistance of MgeAl alloys. However, Mg-RE based intermetallic phases that appear on the as cast microstructure of Mg-RE based alloys (RE as a major elements) act as cathodic sites for the micro-galvanic corrosion, and results in poor corrosion resistance [6, 7] . In contrast, solution treatment that results in the complete dissolution of the second phases and uniform distribution of RE elements in the magnesium matrix, greatly improves the corrosion resistance. It was also reported that the combination of RE and Zn in magnesium alloys lead to poor corrosion resistance [8] .
There are two groups of RE elements considered for magnesium alloys: (i) low solubility (Nd, Ce, La) (ii) high solubility (Y, Gd, Dy) elements. In recent years, magnesium alloys with high soluble RE elements became more popular due to their superior creep properties. Many alloys such as MgeY, MgeGd, MgeDy are developed and their mechanical properties are studied [9, 10] . Gd, which has high solubility in magnesium (23.5 wt.% at eutectic temperature), is shown to be a potential RE element for improving mechanical properties of magnesium alloys, even at higher temperatures [9] . Many experimental alloy systems such as MgeGdeY, MgeGdeYeNd, MgeGdeZn, MgeGdeYeZn are developed and their microstructure and mechanical properties are investigated [11e13] . Among these systems, MgeGdeZn is one of the very important systems as its microstructure consists of a number of different phases, such as I, W, Z and laves phases, depending upon the ratio of Zn and Gd content, and hence resulting in different mechanical behavior [14] . Moreover, long period stacking ordered (LPSO) structures are also identified in this system, which enhances the mechanical properties and the heat resistance. There are many investigations on the mechanical behavior of MgeGdeZn alloys, but not many detailed studies on their corrosion behavior have been reported. Hence, in the present investigation, the microstructural dependence of corrosion in two MgeGdeZn alloys i.e, Mge10Gde2Zn and Mge10Gde6Zn (all are in weight percentages) were investigated.
Materials and methods

Casting
The alloys of the present investigation were prepared in a resistance tilt furnace under a protective gas mixture of Ar þ 2% SF 6 . Pure Mg, Zn and Gd ingots were used to prepare the alloys. Initially the required amounts of Mg and Zn were melted in a mild steel crucible, and Gd was added into the melt at 770 C. After the addition, the melt was stirred mechanically at 200 rpm for 30 min. for the complete dissolution of Gd and to make a uniform composition throughout the melt. The melt was poured into a pre-heated (350 C) metallic round mold with an inner diameter of 100 mm and a length of 400 mm attached with a sprue at the top. The analyzed chemical compositions of the major alloying elements and important impurities of the castings and the alloy code for the easy reference are presented in Table 1 . The Gd contents were analyzed in X-ray fluorescence analyzer (XRF). Zn contents were measured in optical emission spectroscope (OES) whereas other impurities contents were analyzed using integrated coupled plasma optical emission spectroscopy (ICP-OES).
Microstructure
Samples for the microstructure studies were prepared by grinding on different grades of emery papers from 80 to 2400 grits followed by final polishing with 0.05 mm colloidal silica (OPS). The samples were chemically etched in picral solution (8 g picric acid, 5 ml acetic acid, 10 ml distilled water and 100 ml ethanol), and examined under light microscope (Reichert-Jung MeF3) attached with a digital camera controlled by analySIS pro software. Polished samples were also examined in a Zeiss Ultra 55 (Carl Zeiss GmbH, Oberkochen, Germany) scanning electron microscope (SEM) attached with Electron Dispersive X-ray Spectroscope (EDX). The specimens for TEM were mechanically ground to about 400 mm in thickness, and 3 mm diameter discs were then cut using an abrasive slurry disc cutter. These discs were mechanically ground to 120 mm in thickness, and further thinned by twin-jet electro polishing in a solution of 1.5% HClO 4 and 98.5% ethanol at À45 C and 40 V. The TEM examinations were carried out on a Philips CM 200 operating at 200 kV.
Corrosion studies
H 2 measurement (eudiometer study)
All the corrosion tests were conducted at room temperature in 0.5 wt.% NaCl solution. Immersion tests were carried out in a standard eudiometer apparatus with a total volume of 400 ml and a resolution of 0.5 ml. Cubic samples of size 14 Â 14 Â 14 mm 3 were used for eudiometer studies. All sides of the samples were ground on emery papers up to 1200 grit size and the surfaces were degreased with ethanol prior to the testing. The corrosion rate (C R ) at the end of the eudiometer test was calculated in mm per year by converting the total amount of collected hydrogen into material loss (1 ml of H 2 gas ¼ 0.001083 g of dissolved Mg) and using the equation [15] :
where, Dg is weight loss in g (in case of eudiometer study, Dg ¼ 0.001083 * H 2 volume), A is surface area exposed in cm 2 , t is total immersion time in h and r is density of the alloy in g/cm 3 . Three tests were conducted for each alloy and the average values are reported. The corrosion rates were calculated also by measuring the weight loss at the end of the eudiometric test after removing the corrosion product by immersing the samples in a chromic acid (180 g/l) at room temperature for 30e40 min. using the Eq. (1). Additionally, samples were immersed for different times and their corrosion morphologies were studied SEM.
Polarization and electrochemical impedance spectroscopy (EIS) measurements
Electrochemical corrosion tests were conducted using a computer controlled Gill AC potentiostat/frequency response analyzer with the three-electrode cells of saturated Ag/AgCl (saturated with KCl) as a reference electrode, platinum mesh as a counter electrode and sample as the working electrode. The electrolyte was magnetically stirred at a constant temperature of 22 ± 1 C during the measurement. Specimens were immersed for 0.5 h in the electrolyte to reach relative stable potentials and the free corrosion potential was monitored. The potentiodynamic polarization scan was measured from À200 mV relative to the free corrosion potential with a scan rate of 0.2 mV/s. The test was terminated when the corrosion current density reached to 0.1 mA/cm 2 . The corrosion current density (i corr ) and corrosion potential (E corr, vs Ag/AgCl) were measured from the Tafel plot. Polarization measurements were conducted at different immersion times, 0.5 h, 24 h and 100 h. The impedance measurements on the samples were performed at their open circuit potential with AC amplitude of 10 mV in the frequency range from 10 4 to 10 À2 Hz. The measurements were performed at different intervals, 0 h, 1 h, 6 h, 12 h and 24 h. The results in the form of Nyquist and Bode plots were analyzed using the free EIS Spectrum Analyzer software [16] . At least two tests were conducted for each condition to confirm the validity of the polarization and EIS measurements. Fig. 1 shows the SEM micrographs of alloy 1. The microstructure of alloy 1 exhibited columnar dendrites ( Fig. 1(a) ), and at a higher magnification, the microstructure ( and identified as (Mg, Zn) 3 Gd type phase as reported in literature [17] . The small particles, which were low in volume fraction (marked as 'B' in Fig. 1(b) ), contained equal amount of Gd and Zn content (81.49 at.% Mg-8.62 at.% Gd-8.72 at.% Zn). This phase is similar to Mg 12 GdZn type phase, which is normally referred as Z or X phase containing LPSO structure. In addition, lamellar LPSO phase in the a-Mg matrix was also observed as evident from Fig. 1(d) .
Results
As cast microstructure
In contrast to alloy 1, the microstructure of alloy 2 consisted of a continuous network of rib bone like phase ( Fig. 2(a) & (b)). The EDX spectra taken at different particles showed that the Zn content was slightly higher than the Gd content, and the Zn/Gd ratio was close to 1.5. The TEM analysis ( Fig. 2(c) ) confirmed the phase to be of Mg 3 Gd type with a lattice parameter, a ¼ 0.732 nm. This phase was also identified as (Mg,Zn) 3 Gd phase similar to that observed in alloy 1, but with slightly different lattice parameters, and appeared as a more continuous network at the interdendritic regions. The TEM investigation also confirmed the presence of fine lamellar LPSO phase ( Fig. 2(d) ).
Corrosion behavior
Immersion studies
The main cathodic reaction during corrosion of magnesium alloys is the reduction of hydrogen ions, and hence measuring the volume of hydrogen gas provided the corrosion rate of Mg alloys [18] . The hydrogen evolution curves obtained from eudiometer experiments for the two alloys are shown in Fig. 3 . The measurements were conducted until the total amount of hydrogen evolved was just below 400 ml, the maximum capacity of the apparatus. The volume of hydrogen increased with increase in time for both the alloys; however, the rates were different from alloy to alloy as can be seen from Fig. 3 . At all the time the slop of the curve for alloy 2 was higher, which indicates that alloy 2 corroded much faster than alloy 1.
The corrosion rates calculated from the hydrogen volumes and the weight loss measurements of the samples used for the eudiometric tests are shown in Fig. 4 . Normally, the hydrogen evolution test is valid for the determination of corrosion rates of magnesium alloys. However, the rates calculated from the weight loss measurement showed lower values than that of the corresponding values calculated from the hydrogen evolution measurements. Relatively lower corrosion rates obtained from the weight loss measurements were presumably due to the difficulties faced to remove the corrosion products completely after the test as these samples corroded severely after the long immersion time. However, it is clear that alloy 2 exhibited lower corrosion resistance than that of alloy 1, which, in turn, indicates that the corrosion rate increased as the Zn content in the alloy increased.
Polarization behavior
The polarization curves obtained for the alloys after different immersion times are presented in Fig. 5 . The measurements were stopped at the current density of 0.1 mA/cm 2 to avoid much artificial damage on the surface. Normally the idea is to check the ability of the surface to repassivate after the artificial damage during subsequent EIS measurements; however, these two alloys did not passivate again once the active corrosion started. Thus polarization experiments were carried out only in cathodic region. After 0.5 h of immersion ( Fig. 5(a) ), the alloy 2 showed higher positive potential than that of alloy 1. The cathodic regions of the curves indicated that the cathodic current density of alloy 2 was much higher than that of alloy 1, suggesting that the cathodic hydrogen evolution reaction was much easier in alloy 2 at the beginning of immersion. This was mainly due to the higher volume of second phase in alloy 2, which acted as cathodic sites to initiate corrosion. The polarization behavior of alloys after 24 h immersion ( Fig. 5(b) ) indicated that the corrosion potential for both alloys became more positive than that observed after 0.5 h immersion, and their cathodic activities were almost similar. Slightly negative potential in comparison with that of 24 h immersion and similar cathodic behavior were observed after 100 h of immersion for both alloys (Fig. 5(c) ). The E corr (vs Ag/AgCl) and i corr values obtained from the polarization curves are shown in Table 2 . In the present study, the i corr value was calculated from Tafel plot by drawing straight lines from E corr and along the parallel region of the cathodic polarization curve. The current density corresponding to the point of intersection of the lines was taken as i corr . i corr value is direct indicative of the corrosion rate; high i corr value implies high corrosion rate. For both the alloys, as the immersion time increased from 0.5 h to 24 h, the i corr values also increased drastically, and then the increase was not so significant after 100 h immersion. At all the immersion time, the i corr of alloy 2 was higher than that of alloy 1. These polarization results are in line with the corrosion behavior of alloys derived from the hydrogen evolution test.
EIS measurements
EIS measurements of alloys obtained at different immersion times are presented as both Nyquist and Bode plots in Figs. 6 and 7. Most of the magnesium alloys, for instance, AZ91 alloy exhibits three loops in impedance measurements: two capacitive loops and one inductive loop. The high frequency capacitive loop is normally attributed to the charge transfer resistance and double layer capacitance at the metal/ solution interface [19] . The medium frequency capacitive loop can be related to the relaxation of mass transport in the solid phase, and this loop disappears after a long immersion time [20] . The inductive loop at the low frequency is attributed to the relaxation processes of adsorbed species on the electrode surface, and can be ascribed to the pit formation [21] . Alloy 1 exhibited only one capacitive loop at all the frequencies after all the immersion times except immediately after the immersion (0 h), where a second semi circle at the lower frequencies was observed (Fig. 6(a) ). This low frequency capacitive loop, according to Liu et al. [22] , can be related to the corrosion process through the defective surface layer of corrosion product. Normally the charge transfer resistance through the defective surface layer is less than that of the corrosion process occurs at the bare surface of the electrode, which is represented by the high frequency capacitive loop [22] .
Alloy 2 showed weak inductive features at the lower frequencies in addition to the single capacitive loop at the higher and medium frequencies (Fig. 7(a) ). The inductive loops were relatively strong in the beginning, and as the immersion time increased, this feature became weaker. Weak inductive features were also noticed in alloy 1 (especially after 1 h immersion), however, it was not as apparent as in alloy 2. These inductive loops indicated that more pitting occurred in alloy 2. Normally disappearance or less significance of an induction loop with immersion time is related to the increase in the corrosion resistance (the impedance measurement shows larger capacitive loops) due to a stable film formation [21] . In general, the diameter of the capacitive semi circle is considered as an indicative of the corrosion resistance. The diameter of the capacitive loop initially increased after 1 h immersion, and then, continuously decreased, as the immersion time increased further for both the alloys. This indicated that a thin weak corrosion layer presented in both alloys in the beginning, but it was not stable and degraded at a faster rate with respect to immersion time. Similar to the present observation, the disappearance of induction loops with increase in immersion times despite increase in corrosion was reported in literature [19, 23] . One probable reason may be that the dimensions of the induction loop seem to be connected with the size and severity of the localized corrosion: small pits at the initial stage of corrosion give strong induction loop, and more the corrosion changes to severe localized corrosion, the induction loop becomes less pronounced. In the present study, localized, galvanic corrosion initiated near the second phases at the beginning and it became more severely localized at the grain boundary due to the dissolution of the grain boundary phase itself (will be discussed later). The decrease in corrosion resistance with immersion time was also observed from the impedance values read from the Bode plots at the low frequencies (Figs. 6(b) and 7(b) ).
For the further analysis of the impedance spectra, the EIS data were fitted into a simplified equivalent circuit as shown in Fig. 8 . The circuit consisted of electrolyte solution resistance (R s ) in series with two parallel combinations of a constant phase element (CPE) and a resistance (R t -charge transfer resistance and R f -film resistance). Since weak inductive loops were observed in some of the spectra for alloys 1 and 2, an inductor was also added in series with the resistor in the second time constant. However, as the inductive loops were weak, and also to make the analysis simple, discussion on the results is restricted only to the resistance values of two time constants i.e. R t and R f , whose fitted values are presented in Table 3 . High R f value observed in both alloys in the beginning (0 h), indicated the possibility of the existence of a naturally formed thin oxide film on the surfaces, and it became quickly dissolved or transformed in non-protective hydroxide film in the aqueous solution, as the R f values reduced drastically later (ref. Table 3 ). The R t and R f values for both alloys decreased as the immersion time increased except after 1 h immersion, where an increase in the R t valves for both alloys was noticed, which represented the impeded dissolution of ions through oxide layer formed in the beginning of corrosion. Immediately after 1 h, the R f values drastically reduced, and it was stable with further immersion time indicating that no effective passive layer on the surface formed in both alloys during corrosion. The total resistance (R t þ R f ) of alloys showed a consistent trend of decreasing. At all immersion times, the resistance values of alloy 2 were much lower than that of alloy 1, however, the difference between the two alloys decreased as the immersion time increased. This showed that both alloys corroded almost at similar rate with alloy 1 still performing slightly better than alloy 2 after prolonged immersion, which matches with the polarization results. Fig. 9 shows the macrographs of samples after immersion for different times. Corrosion on both alloys initiated from the edges of the samples and was inhomogeneous ( Fig. 9(a) and (d)). A filiform type of corrosion attack was observed in the beginning of the corrosion process. As the immersion time increased the corroded regions on the samples increased ( Fig. 9(b) and (e)), however, at all immersion times, the corrosion was severe in alloy 2 compared to alloy 1. After 100 h of immersion, the samples were completely covered by severe deep localized corrosion (Fig. 9(c) and (f) ). Again, severe corrosion was observed on alloy 2 with deeper and bigger pits presented all over the surface. A series of SEM micrographs recorded after different immersion times indicated the corrosion morphologies in more details and are presented in Figs. 10 and 11 . All the images were taken after the corrosion products were removed, except for the samples that were immersed for 30 min. (Figs. 10(a) and 11(a) ) which indicated that the corrosion initiated around the intermetallics in both alloys. Loose round corrosion products appeared on the vicinity of second phases. The second phases and the central regions of Mg matrix were intact suggesting that the corrosion initially occurred in the Mg matrix adjacent to the second phase. As the immersion time increased to 5 h, filiform corrosion dominated in alloy 1 where the corrosion spread like filament ( Fig. 10(b) ). The onset of filiform corrosion was not known. The corrosion was highly heterogeneous in nature in both the alloys. The severely corroded region of alloy 1 shown in Fig. 10(c) indicates that the filaments spread along the dendrite arms without affecting the intermetallics. The second phases were sitting firmly on the hills of the filaments suggesting that the second phase was highly stable and acted as cathodic sites during corrosion. Similar filiform corrosion in many magnesium alloys were reported earlier [24, 25] . The filaments were also aligned along a particular direction, probably followed a preferred crystallographic direction as reported earlier [26] . Preferred crystallographic pitting (PCP) was also reported in Mg alloys [27] . Micro-galvanic corrosion also occurred simultaneously around the second phase as indicated in Fig. 10(d) . The corrosion morphology of alloy 2 after 5 h of immersion also showed a filament like appearance (Fig. 11(b) ), but careful investigation revealed that the features of the filaments were different from that of alloy 1. The filaments were short and wide due to the finer dendrite size and continuous network of second phase particles at the dendrite boundaries. Corrosion in the alloy 2 initiated near the second phase particles (due to micro-galvanic effect) and spread into the grain in both forward and radial direction (Fig. 11(c) ). In the later stage, the corrosion morphology looked like filaments. Many small pits were also observed in the non-severely corroded regions along the second phase particles and across the grain, Fig. 11(d) . Similar pits appeared also in alloy 1 (micrograph is not shown). After 16 h of immersion, both alloys showed severe corrosion attack (Figs. 10(e) and 11(e) ). The corrosion spread through the samples and many wide pits were observed. The most important observation was the complete removal of second phase particles at the grain boundaries in both alloys. Only magnesium dendrites were clearly seen. Residues of the second phase in some areas could also be seen in both alloys as shown in Fig. 10(f) . High magnification microstructure revealed that the corrosion attack in the a-Mg matrix produced striations (Fig. 11(f) ). These results suggested that the corrosion mechanisms completely changed during the immersion test.
Corrosion morphology
Discussion
MgeGdeZn alloys are relatively new, and their microstructures have been characterized based on the MgeZneY system which behaves in a similar manner. From the present investigation, it is clear that both alloys contained (Mg,Zn) 3 Gd type phase with f.c.c. structure. Literature reports this phase as WeMg 3 Zn 3 Gd 2 phase similar to the W phase observed in MgeZneY systems but with slightly different lattice parameters [12] . Recently, Yamasaki et al. [17] reported that the phase was Mg 3 Gd type with incorporation of Zn atoms in the magnesium positions of the lattice. In the present study, a slight difference in the lattice parameters of the phases in alloys 1 and 2 was noticed (0.726 nm in alloy 1 and 0.732 nm in alloy 2). This difference might be due to the difference in the compositions of the phases: slightly higher Gd content was observed in alloy 1 whereas Zn/Gd ratio was 1.5 in alloy 2.
Both the simple immersion test (eudiometer test) to the electrochemical tests showed that the alloy 1 performed better than the alloy 2, indicating its better corrosion resistance in 0.5 NaCl solution. However, both alloys cannot be classified as corrosion resistant magnesium alloys, at least in as cast condition. The microstructural features, in particular the second phases, of an alloy are vital factors in deciding its corrosion behavior. In general, most of the second phases in the magnesium alloys are nobler than the magnesium matrix. These noble second phases at the grain boundary form a microgalvanic couple with the matrix and act as a cathodic sites during the corrosion [28, 29] . Extensive research on the corrosion behavior of MgeAl alloys suggests that the b phase (Mg 17 Al 12 ), when it is present at the grain boundaries in bulk and discontinuous form, is detrimental to the corrosion resistance [30] . Similar micro-galvanic effect was noticed in MgeZn alloys where MgeZn based intermetallic at the grain boundary induced micro-galvanic corrosion [31] . Moreover, it was observed that the anodic to cathodic area ratio play an important role in the corrosion of magnesium alloys [32] . In addition, it was reported that RE additions to MgeAl alloys improve its corrosion properties [2, 3] . However, corrosion studies on Mg alloys containing RE as major elements, such as MgeLa, MgeCe, MgeNd and MgeY, indicated that corrosion rates increases with increase in RE elements due to the increase in the amount of second phase particles at the grain boundaries [6, 33] . Previous studies also reported that microgalvanic effect due to the second phase particles reduce the corrosion resistance of Mg-RE-Y and Mg-RE-Zn ternary alloys, and when the second phase particles are dissolved in the matrix by solution treatment, the corrosion properties improve drastically, as the rare earth elements in the solid solution stabilizes the surface film [34e36] . In the present study, microstructure investigation suggested that both alloys contained a-Mg, (Mg,Zn) 3 Gd and LPSO phases (other minor phases are neglected). However, the major difference was the volume fraction of second phase particles and their morphology. The a-Mg was highly dendritic with fine dendrite arm spacing in alloy 2 whereas it solidified mainly as columnar dendrites in alloy 1. The second phase particles between the dendrite arms were continuous in alloy 2 and more discrete in alloy 1. These microstructural differences resulted in different corrosion morphologies observed.
The initial stage of corrosion of both alloys was mainly due to the micro-galvanic effect of grain boundary second phase. Immediately after the immersion of samples, matrix near the second phase at the grain boundary dissolved preferentially due to micro-galvanic effect, and suggesting that the second phase was nobler than the Mg matrix. Increased volume of second phase in alloy 2 provided more micro-galvanic sites and resulted in faster corrosion rate. In addition to the higher volume fraction of (Mg,Zn) 3 Gd phase, there might be a possibility that the difference in the chemical composition of the same intemetallics ((Mg,Zn) 3 Gd) in the alloys also influenced the severity of the micro-galvanic process. The (Mg,Zn) 3 Gd phase in the alloy 2 had more Zn compared to the similar phase in the alloy 1 which consisted of more Gd. A weak protective oxide layer might have formed initially on surfaces of both the alloys in air, which was evident from the higher initial film resistance observed in the impedance measurement. The higher film resistance value of alloy 1 (300 ohm/cm 2 ) to that of alloy 2 (130 ohm/cm 2 ) indicated that the protective film was more effective in alloy 1. Normally, filiform corrosion occurs on coated or anodized surfaces [37] . According to Lunder et al. [24] , filiform corrosion may also occur on the uncoated surfaces but in the presence of an oxide film which is resistant to the corrosive environment. Hence, the presence of filiform corrosion morphology observed in the present study suggests that there was an oxide film initially on the surfaces of the samples. However, the corrosion layers seemed to be not stable in both the alloys, and either become a non-protective hydroxide film or collapsed after 1 h of immersion. This is evident from the very low resistance (R f ) values observed in the impedance measurement after 1 h and thereafter (ref. Table 3) .
Intergranular corrosion took place in both the alloys at the later stage of corrosion as observed with the microstructure of 16 h immersed samples (Figs. 10(e) and 11(e)). There might be three possibilities for the complete removal of second phases along the boundaries. Micro-galvanic corrosion occurred severely around the second phases and finally, the second phases were undermined during corrosion as observed in other magnesium alloys, especially the MgeAl alloys [30] . The second possibility was the dissolution of second phase itself in the later stages of corrosion. Careful and repeated microstructural investigation suggested that the probability for the dissolution of this phase was high. The microstructure of alloy 2 immersed for 16 h, shown in Fig. 12 , strongly supported the dissolution of eutectic second phase (white regions marked as A) while the eutectic magnesium regions were relatively stable. Dissolution of second phase was possible if the stability of the second phases was altered by NaCl solution, and stronger alkalinization of the surface by the corrosion products after longer times of immersion. The exact onset time for the change in stability of the phase was not known from the present study. Similar observations were made by Neil et al. [25, 38] in ZE41 alloy after 18 h of immersion in 0.001 M NaCl. It was claimed that the T-phase (Mg 7 Zn 3 RE) at the grain boundary was preferentially attacked by the corrosion product removal solution, which was a combination of 200 g CrO 3 , 10 g AgNO 3 , 20 g Ba(NO 3 ) with reagent water [25, 38] . Similarly, it was also possible that chromic acid, which was used for clearing the corrosion product in the present study, might have reacted with the weak second phase during cleaning process and removed it. However, it is worth mentioning that the chromic acid did not attack the second phases in as cast samples that were not immersed in NaCl solution and samples immersed for short times (i.e. 2 and 5 h). Further detailed investigations are in progress to understand this phenomenon. At the moment, it is not clear if the removal of the intermetallics occurred already during the corrosive exposure or during the cleaning step. A third option was also possible considering the fact that there was a protective film on the surface before immersion. Breakdown of this film occurred quite quickly on the matrix regions; however, it might still have existed on the intermetallic phases for a longer period preventing them from dissolution. The intermetallic, although nobler, might be less corrosion resistant in the presence of chloride than the matrix. Considering the protective current flowing from the matrix to the intermetallic and to the protective film on it, there was an onset time for the dissolution of the intermetallics.
The role of LPSO phase on the corrosion resistance of the MgeZneRE alloys is not clear from the literature. Zhang et al. [39] reported that the presence of lamellar LPSO phase in the matrix improved the corrosion resistance and uniform corrosion in a MgeGdeZneZr alloy. In contrast, Zhang et al. [40] observed that increase in the volume of bulk X phase containing LPSO structure at the grain boundary in MgeZneY alloys increased the corrosion rate due to the galvanic coupling effect. Izumi et al. [41] studied the effect of cooling rates on the corrosion behavior of MgeZneY alloys containing LPSO phase, and observed that the presence of the LPSO phases involved in the filiform corrosion process whereas single phase microstructure obtained by higher solidification rate delayed the occurrence of the filiform corrosion. P erez et al. [42] also observed that the LPSO phase was more preferably attacked by the corrosion when compared to the other intermetallic, Mg 12 RE in a cast MgeZneY-MM alloys. The observed filiform corrosion in the present study was probably assisted by the LPSO phase. Severe dissolution of magnesium matrix and striations observed in the microstructure of alloys 1 and 2 (Figs. 10(f) and 11(f)) suggested that LPSO phase facilitated the corrosion in these alloys. Higher corrosion rate observed with alloy 2 can also be related to the higher LPSO phase volume in the matrix expected with the increase in Zn content.
Conclusions
Mge10GdexZn (x ¼ 2 and 6%) alloys consisted of (Mg,Zn) 3 Gd phase at the grain boundary and lamellar LPSO phase in matrix. These phases increased as the Zn content increased. The grain boundary phase, (Mg,Zn) 3 Gd, in Mge10Gde6Zn alloy was a continuous network along the highly branched dendrite structure of a-Mg, whereas this phase was relatively discrete in Mge10Gde2Zn alloy with microstructure containing mostly columnar a-Mg dendrites. Both hydrogen measurement and electrochemical tests confirmed that increase in the Zn content from 2 to 6% in Mge10GdexZn alloys reduced the corrosion resistance. However, both alloys cannot be classified as corrosion resistant magnesium alloys, at least in as cast condition. Micro-galvanic corrosion due to the presence of second phase at the grain boundary occurred initially in both alloys. However, filiform corrosion dominated at the later stage which was facilitated by the LPSO phase in the matrix. Dissolution of second phase occurred after long immersion times, which was probably due to the change in the stability of the phase altered by NaCl, alkainization of the surface during the long immersion times, and/or by retarded dissolution of the original protective film on the intermetallics. Additionally, it was also possible that the chromic acid might have facilitated the removal of the de-stabilized second phase during the cleaning process.
